The solution structure of the ectodomain of simian immunodeficiency virus (SIV) gp41 (e-gp41), consisting of residues 27-149, has been determined by multidimensional heteronuclear NMR spectroscopy. SIV e-gp41 is a symmetric 44 kDa trimer with each subunit consisting of antiparallel N-terminal (residues 30-80) and C-terminal (residues 107-147) helices connected by a 26 residue loop (residues 81-106). The N-terminal helices of each subunit form a parallel coiled-coil structure in the interior of the complex which is surrounded by the C-terminal helices located on the exterior of the complex. The loop region is ordered and displays numerous intermolecular and non-sequential intramolecular contacts. The helical core of SIV e-gp41 is similar to recent X-ray structures of truncated constructs of the helical core of HIV-1 e-gp41. The present structure establishes unambiguously the connectivity of the N-and C-terminal helices in the trimer, and characterizes the conformation of the intervening loop, which has been implicated by mutagenesis and antibody epitope mapping to play a key role in gp120 association. In conjunction with previous studies, the solution structure of the SIV e-gp41 ectodomain provides insight into the binding site of gp120 and the mechanism of cell fusion. The present structure of SIV e-gp41 represents one of the largest protein structures determined by NMR to date.
Introduction
The initial step of viral infection is often mediated by viral envelope proteins (Coffin, 1986; Freed and Martin, 1995) . In the case of the human (HIV) and simian (SIV) immunodeficiency viruses, the envelope proteins exist as a complex of a surface subunit (gp120) and a transmembrane subunit (gp41), which are proteolytic products of the gp160 precursor coded by the env gene (Freed and Martin, 1995) . During the initial step of HIV or SIV infection,
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© Oxford University Press the gp41-gp120 complex associates with the CD4 receptor and the chemokine coreceptor (Moore et al., , 1997 . Concurrently, gp41 dissociates from gp120, associates with the target membrane and mediates fusion of the viral and the cellular membranes by a process that involves the N-terminal hydrophobic region of gp41, termed the fusion peptide (Gallaher, 1987) . Details of the fusion process, particularly concerning the association of gp41 and gp120, remain unknown, and structural information on the proteins involved is essential for the development of anti-HIV drugs.
gp41 comprises four functional domains: an N-terminal fusion peptide, an ectodomain (e-gp41), a transmembrane domain and a cytoplasmic domain (Freed and Martin, 1995) . The ectodomain is the most conserved region of gp41, with 50-60% sequence identity between HIV-1 and SIV isolates (Douglas et al., 1997 ; Figure 1 ). The X-ray structure of subdomains of the HIV-1 e-gp41 have recently been solved (Chan et al., 1997; Tan et al., 1997; Weissenhorn et al., 1997) . However, all three constructs employed in the crystallographic studies ( Figure 1 ) omitted a central portion of e-gp41 comprising 35-44 residues, which had been shown by mutagenesis and antibody epitope mapping to play a role in gp120 association and possibly membrane fusion (Cao et al., 1993; Sattentau et al., 1993) . In two recent papers we described the expression and purification , and determination of the secondary structure and global fold (Caffrey et al., 1997) of a soluble construct of trimeric SIV e-gp41 comprising residues 27-149. In this paper, we present the complete determination of the threedimensional structure of the trimeric 44 kDa SIV e-gp41 by multidimensional nuclear magnetic resonance (NMR) spectroscopy.
Fig. 1.
Secondary structure of SIV e-gp41, and alignment of SIV (Sooty Mangabey) and HIV-1 (consensus sequence; Douglas et al., 1997) e-gp41. The numbering scheme employed is that of SIV e-gp41. Residues that are conserved in HIV-1 and SIV e-gp41 are color-coded as follows: green, hydrophobic; blue, positively charged; red, negatively charged; yellow, others. The location of the fusion peptide, the secondary structure and the construct used in the NMR study are indicated above the SIV sequence. The constructs used for the crystallographic studies are shown below the HIV-1 sequence and coded as follows: X-ray a, Weissenhorn et al. (1997) ; X-ray b, Chan et al. (1997) ; and X-ray c, Tan et al. (1997) . The locations of putative glycosylation sites (Dedra et al., 1992) are indicated by the symbol ψ. The two cysteine residues within the loop, Cys86 and Cys92, are highlighted by an asterisk, and were mutated to alanine in the SIV e-gp41 construct used for NMR studies to prevent problems associated with multiple potential modes of intra-and intersubunit disulfide bond formation.
from protons attached to 13 C to protons attached to 15 N and from protons attached to 15 N to protons attached to 12 C or 14 N, respectively (Clore and Gronenborn, 1998) . Since e-gp41 is trimeric, it is important to note that while it is possible to distinguish intra-from intersubunit NOEs using various types of heteronuclear filters, one cannot distinguish whether an intermolecular NOE arises from a close interproton distance contact between, for example, subunits A and B or subunits A and C. Thus, all intermolecular NOE restraints were treated as (Σr -6 ) -1/6 sums (Nilges, 1993) , thereby permitting an NOE restraint from a specified proton on subunit A to be close to the specified proton on either subunit B or C, whichever is closest in the evolving calculated structures, the restraint being satisfied providing that at least one of the target protons is close. The superposition of the final 40 simulated annealing structures is shown in Figure 3 and the structural statistics are summarized in Table I .
Structure description
Ribbon diagrams and a molecular surface representation of SIV e-gp41 are displayed in Figure 4 . The structure is a symmetric trimer and is cylindrical in shape,~112 Å in length and~35 Å in diameter, consistent with results from electron microscopy (Weissenhorn et al., 1996) and hydrodynamic modeling based on the observed sedimentation coefficient . The three subunits, which we term A (blue), B (red) and C (green), are arranged in a counter-clockwise manner when viewed from the top (Figure 4a , top panel) or side (Figure 4b ) of the molecule. Each subunit comprises N-terminal (residues 30-80) and C-terminal (residues 107-147) helices, which are 81 and 62 Å long, respectively, connected by a long loop (residues 81-106) which protrudes~26 Å upwards from the helical core. The contact surface (3726 Å 2 per subunit) between the subunits is extensive. The accessible surface area of the N-terminal helix, the loop and the C-terminal helix are reduced by 2434, 538 and 754 Å 2 per subunit, respectively, upon trimerization. Although the loop is somewhat more mobile than the helical core (Caffrey et al., 1997) , it is still well-ordered as evidenced by numerous long-range and intermolecular NOEs (cf. Figure 2B ). Indeed, within the loop we observed 128 medium-range (1Ͻ | i -j | ഛ4) and 28 long-range (| i -j | Ͼ5) intramolecular NOEs per subunit and 24 intermolecular NOEs per subunit. Since intramolecular NOEs are readily distinguished from intermolecular ones, the connectivity between the N-and C-terminal helices (that is the assignment of the N-and C-terminal helices to individual subunits) is established unambigously in the NMR structure.
The N-terminal helices of the three subunits form a trimeric coiled-coil within the protein interior and are oriented parallel to each other at an angle of~15°. The C-terminal helices are oriented antiparallel to the N-terminal helices, lying in the hydrophobic grooves formed by adjacent N-terminal helices and wrapping in a left-handed direction around the central coiled-coil. The C-terminal helices exhibit extensive intra-and intermolecular interactions with the N-terminal helices (contact surfaces~925 and 754 Å 2 , respectively). Intermolecular interactions exclusively involve contacts between the C-terminal helices of subunits A, B and C and the N-terminal helices of subunits C, A and B, respectively. The interhelical angles between the C-terminal helix of subunit A and the N-terminal helices of subunits A and C are~165 and~157°, respectively. Figure 5 illustrates the distribution of amino acid types (hydrophobic, polar and other) in the structure, and the details of some of the internal sidechain packing between the subunits. There are extensive hydrophobic contacts between the N-terminal helices of the three subunits, and between the N and C-terminal helices. These include interactions involving 4-3 hydrophobic repeats of aliphatic 4574 residues such as Leu, Ile and Val ( Figure 5c , f and g), as well as aromatic residues such as Trp (Figure 5d ). In addition, there are a number of polar interactions between the helices. These include the intermolecular hydrogenbonding network formed by the sidechain of Gln50 of the three subunits at the interface of the three N-terminal helices (Figure 5e ), as well as a network of intermolecular hydrogen bonds between Gln38 of the N-terminal helix of subunits A, B and C, and Gln136 and Asn140 of the C-terminal helix of subunits B, C and A, respectively (Figure 5g ). The loops of each subunit associate via hydrophobic interactions between their N-terminal portion, and include contacts involving Leu81, Ala83, Ala86, Ala87 and Phe88 (Figure 5b ).
Surface hydrophobicity and electrostatic potential
Protein-protein interactions are largely dependent on hydrophobic contacts, supplemented by electrostatic interactions Young et al., 1994; Jones and Thornton, 1996) . We have therefore mapped the electrostatic potential (Figure 6a ) and the two highest ranking surface hydrophobic clusters (computed as described by Young et al., 1994) (Figure 6b ) onto a molecular surface representation of e-gp41 in order to characterize potential binding sites for gp120.
The exposed surface of the C-terminal helix is predominantly negative, whereas that of the N-terminal helix is largely neutral, with the exception of two small patches of negative charge arising from Asp45 and Asp77, and two patches of positive charge, one formed by Arg49 and the other by Arg67. The loop, on the other hand, is mainly neutral, with the exception of its tip which bears a positive charge arising from Arg89.
The highest ranking hydrophobic cluster forms a cylinder that surrounds the lower two-thirds of the loop and the last turn of the N-terminal helix, comprises Asp77, Gln80, Trp84, Thr95, Val96, Pro97 and Trp98 of each subunit, and overlaps with the negative charge arising from Asp77. The second highest ranking hydrophobic cluster is located in the central region of the helical core of e-gp41 and comprises Asp45, Arg49, Glu52, Leu53, Leu56 and Trp59 of the N-terminal helix, and Lys118, Phe121 and Asn125 of the C-terminal helix. This hydrophobic cluster overlaps with two patches of negative charge, one arising from Glu116, Asp120, Glu123 and Glu124, the other from Asp45, and with a patch of positive charge arising from Arg49. Interestingly this region over-4575 laps with the putative glycosylation site at Asn125 (Dedra et al., 1992) .
We propose that the highest ranking hydrophobic cluster which involves the loop region may represent the binding surface for gp120, consistent with the results from mutagenesis (Cao et al., 1993) and antibody epitope mapping studies (see below).
Correlation with biochemical studies
Within the loop region there is a conserved di-cysteine motif, which is common to the transmembrane subunit of all lentivirus surface envelope proteins and has been proposed to be important for gp120 association (Schulz et al., 1992) . In the structure of SIV e-gp41 solved here, the two cysteines at positions 86 and 92 have been mutated to alanines to avoid multiple potential modes of intra-and intersubunit disulfide bond formation (Caffrey et al., a The notation of the structures is as follows: ϽSAϾ are the final 40 simulated annealing structures; SA is the mean structure obtained by averaging the coordinates of the individual SA structures best-fitted to each other using residues 27-149 of the three subunits. (SA)r is the restrained regularized mean structure obtained by restrained regularization of the mean structure SA. The number of terms per subunit for the various restraints are given in parentheses. The final force constants employed for the various terms in the target function used for simulated annealing are as follows: 1000 kcal/mol/Å 2 for bond lengths; 500 kcal/mol/rad 2 for angles and improper torsions (which serve to maintain planarity and chirality); 4 kcal/mol/Å 4 for the quartic van der Waals repulsion term (with the van der Waals radii set to 0.8 times their value used in the CHARMM PARAM19/20 parameters); 50 kcal/mol/Å 2 for the non-crystallographic symmetry term; 30 kcal/mol/Å 2 for the experimental distance restraints (interproton distances and hydrogen bonds); 200 kcal/mol/rad 2 for the torsion angle restraints; 1 and 2 kcal/mol/Hz 2 for the 3 J HNα and 3 J COCO coupling constant restraints, respectively; 0.5 kcal/mol/ppb 2 for the 3 ∆C α (ND) deuterium isotope shift restraints (which are related to the ψ backbone torsion angle); 0.5 kcal/mol/p.p.m. 2 for the secondary 13 C chemical shift restraints; and 1.0 for the conformational database potential. b None of the structures exhibited interproton distance violations Ͼ0.5 Å, dihedral angle violations Ͼ5°, or 3 J HNα or 3 J COCO coupling constant violations Ͼ2 Hz. The torsion angle restraints consist of 119 φ, 120 ψ, 76 χ 1 , 43 χ 2 and 2 χ 3 angles per subunit. c Only structurally useful intraresidue NOEs are included in the restraints (i.e. involving protons separated by more than three bonds). d These NOEs were treated as (Σr -6 ) -1/6 sums. e The Lennard-Jones van der Waals energy was calculated with the CHARMM PARAM19/20 parameters and is not included in the target function for simulated annealing or restrained minimization. f The overall quality of the structure was assessed using the program PROCHECK (Laskowski et al., 1993) . There were no φ/ψ angles in the disallowed region of the Ramachandran plot. The dihedral angle G-factors for φ/ψ, χ 1 /χ 2 , χ 1 , χ 3 /χ 4 are 0.72 Ϯ 0.02, 0.65 Ϯ 0.05, -0.15 Ϯ 0.12 and 0.11 Ϯ 0.13, respectively. g Defined as the average r.m.s. difference between the final 40 simulated annealing structures and the mean coordinates.
1997). These two Cys→Ala mutations have only a minimal effect on the structure since the 1 H-15 N correlation spectra of the wild-type and mutant SIV e-gp41 are virtually superimposable (Caffrey et al., 1997) . The C α -C α separation between Ala86 and Ala92 within each subunit is 9 Å, and between Ala86 of different subunits it is~4 Å (Figures 4a and b, and 5b ). This is consistent with the observation that both intra-and intersubunit disulfide bridges can be formed over time in wild-type HIV-1 and SIV e-gp41 (Weissenhorn et al., 1996; Wingfield et al., 1997) .
There are three putative N-glycosylation sites in SIV e-gp41, one in the loop (Asn100) and two in the C-terminal helix (Asn109 and Asn125) (Dedra et al., 1992) (Figure  4c ). All three asparagines are located on the exterior of the structure. Finally, the binding site for the neutralizing antibody 2F5 (Muster et al., 1993) occurs at the end of the C-terminal helix in a region which is solvent exposed and proximal to the fusion peptide (Figure 4c ). This epitope is known to be exposed in the presence of gp120 (Satteneau et al., 1995) , indicating that it cannot overlap with the gp120 binding site. This is fully consistent with the proposed location of the gp120 binding site in the loop region (see above).
Comparison with HIV-1 gp41
There is extensive sequence similarity (with 56% overall sequence identity) throughout e-gp41 of HIV-1 and SIV (Figure 1 ). The major differences correspond to a four residue deletion in the loop region of SIV e-gp41 relative to that of HIV-1 e-gp41, and a generally lower degree of sequence identity in the loop region and C-terminal helix. Specifically, the extents of sequence identity for the N-terminal helix, loop region and C-terminal helix are 64, . Subunits A, B and C are displayed in blue, red and green, respectively. The location in the loop of the C α atoms of residues 86 and 92 which are cysteines in the wild-type sequence but have been mutated to alanine in the current structure are indicated by spheres in (a) and (b). The locations of the three putative glycosylation sites (Dedra et al., 1992) and the epitope for the 2F5 neutralizing monoclonal antibody (Muster et al., 1993) are indicated in (c).
46 and 53%, respectively. Figure 7 provides a comparison of the NMR structure of SIV e-gp41 (residues 27-149) with structures of truncated versions of the helical core of HIV-1 gp41 determined by X-ray crystallography. The three X-ray structures of HIV-1 e-gp41 correspond to residues 34-67 and 112-139 (Tan et al., 1997), 34-69 and 112-145 (Chan et al., 1997) , and 29-76 and 112-149 (Weissenhorn et al., 1997) using the SIV numbering scheme, and are 54, 58 and 73 Å in length, respectively, compared with 112 Å for the complete e-gp41 of SIV. The central helical core of SIV e-gp41 is structurally very similar to that of the HIV-1 peptides in agreement with the high degree of sequence identity between HIV-1 and SIV proteins. The backbone of the X-ray structures of Tan et al. (1997) , Chan et al. (1997) and Weissenhorn et al. (1997) can be superimposed onto the corresponding regions of SIV e-gp41 with backbone atomic r.m.s. differences of 0.5, 0.8 and 0.8 Å, respectively. Note that the N-and C-terminal helices of SIV e-gp41 clearly extend 4 and 5 residues, repectively (SIV residues 77-80 and 107-111), with respect to the most complete X-ray structure of HIV-1 e-gp41 (Weissenhorn et al., 1997) . Most importantly, the present structure includes the central 35 residues of the ectodomain, which have been implicated previously in gp120 association and membrane fusion (discussed below). Finally, the present NMR structure of SIV e-gp41 establishes unambiguously the connectivity of the N-and C-terminal helices, which previously could only be inferred by the limited functional and structural homology to 4577 influenza virus hemagglutinin (Weissenhorn et al., 1997) . This connectivity coincides with that observed in the Xray structure of Tan et al. (1997) , where the portions of the N-terminal (residues 34-67) and C-terminal (residues 112-139) helices employed in the construct were artificially connected by a six residue linker. It should be noted, however, that this short linker only permitted one connectivity, whereas several permutations are potentially feasible when the two helices are connected by the long 26 residue loop.
Correlation with mutagenesis studies A number of site-directed mutants of HIV-1 e-gp41 have been studied (Cao et al., 1993; Chen, 1994) . One set of mutations severely impairs the processing of gp160 into gp120 and gp41 and hence automatically results in an apparent decrease in both association with gp120 and cell fusion in the in vivo assays employed. The other set of mutations, for which processing exceeds~20%, can be divided into three classes which are displayed in Figure  6c . All these mutations involve residues that are conserved in HIV-1 and SIV e-gp41.
The first class of mutations, green in Figure 6c , has no significant effect on either gp120 association or fusion, and is exclusively located on the exposed surface of the C-terminal helix (Glu131→Leu, Gln136→Leu, Leu147→ Phe) close to the base of e-gp41, suggesting that these residues are not involved in either gp120 binding or membrane fusion. While Glu131 is completely solvent accessible, the other two residues, Gln136 and Leu147, are only partially solvent accessible and do participate in some intersubunit interactions between the C-and N-terminal helices. The Leu147→Phe mutation, however, is conservative in nature and would be expected to be well tolerated. Gln136(A), on the other hand, is involved in an intersubunit hydrogen bonding network with Gln38(C) and Gln42(C) ( Figure 5g) ; presumably replacement of Gln136 by Leu, while removing these intermolecular hydrogen bonds preserves and possibly enhances the intersubunit hydrophobic contacts sufficiently to have little or no effect on the stability or structure of e-gp41. These results also suggest that gp120 does not bind to this region of gp41, consistent with the model presented above.
The second class of mutations, red in Figure 6c , significantly reduces or abolishes cell fusion but has little impact on gp120 association; all these mutations (with the exception of two, Asp77→Leu and Trp84→Met) comprise residues that participate in intersubunit contacts and would be expected to destabilize the trimer (that is to shift the monomer-trimer equilibrium towards the monomeric form). Mutants Ile36→Ala, Gln50→Leu (Figure 5e ), Leu54→Gly or Pro and Leu64→Pro ( Figure  5c ) involve substitutions at the interface of the three subunits formed by the three N-terminal helices. Mutants Leu56→Ala or Pro (Figure 5d ), Trp59→Arg (Figure 5d ) and Asn140→Leu (Figure 5g ) involve substitutions at points of intersubunit contact between the N-and C-terminal helices. The Leu53→Pro mutation involves a residue that participates in intermolecular contacts between both the N-terminal helices, and between the N-and 4578 C-terminal helices. Both Asp77 and Trp84 are located in the loop, are accessible to solvent and form part of the highest ranking surface hydrophobic cluster (Figure 6b ). This suggests that one possible explanation for the effects of the Asp77→Leu and Trp84→Met mutations is that they may strengthen the association between gp41 and gp120 and thus prevent fusion by inhibiting dissociation of gp120.
Finally, the third class of mutations, yellow in Figure 6c , abolishes (Val96→Ser) or significantly reduces (Leu75→ Pro) gp120 association, and, as a consequence, fusion can no longer be initiated. Val96 is located in the loop and is completely solvent accessible, suggesting that it may be a critical residue involved in gp120 association. Interestingly, Val96 is located in the highest ranking surface hydrophobic cluster on e-gp41 (Figure 6b ). Leu75, on the other hand, is located at the C-terminus of the N-terminal helix and participates in intersubunit contacts at the trimer interface. The Leu75→Pro substitution may result in premature termination of the N-terminal helix and distort the subsequent conformation of the loop, thereby disrupting the gp120 binding site.
gp120 binding site
Taken as a whole, the mutational and structural data suggest that the stability of the trimer is more critical to cell fusion than to gp120 association and that the surface hydrophobic cluster on the loop presents the most likely binding site for gp120 (cf. Figure 6b) . This is consistent with the finding that in HIV-1 dissociation of gp120 from gp41 exposes an epitope, recognized by the murine Fig. 6 . Mapping of (a) the electrostatic potential and (b) the two highest ranking surface hydrophobic clusters on the molecular surface of SIV e-gp41. The electrostatic potential is colored from red (negative charge) to blue (positive charge); regions of highest hydrophobicity are yellow, those of lowest hydrophobicity are purple, and the gradient from yellow to white to purple corresponds to decreasing hydrophobicity; residues of subunits B and C are denoted by single and double apostrophes, respectively. (c) Ribbon diagram of SIV e-gp41 in the same orientation as the molecular surfaces shown in (a) and (b) illustrating the distribution of mutations. The mutations are color-coded as follows: yellow, reduces or abolishes gp120 binding and abolishes fusion; red, abolishes fusion but not gp120 binding; and green, has no significant effect on either gp120 binding or fusion.
Fig. 7.
Comparison of the solution structure of SIV e-gp41 with the X-ray structures of truncated versions of HIV-1 e-gp41. The residue numbering corresponds to that of SIV gp41 (see Figure 1) . The X-ray structures were taken from Weissenhorn et al. (1997) , Chan et al. (1997) and Tan et al. (1997) (from left to right). All structures are viewed in the same orientation. Fig. 8 . Comparison of the structure of SIV e-gp41 with the neutral (Wilson et al., 1981; Weis et al., 1990) and low (Bullough et al., 1994) pH forms of HA2. N-terminal helices are colored cyan and the C-terminal region is colored yellow. Note that the N-terminal helices in hemagglutinin are located on the exterior of the molecule, whereas in e-gp41 they are located in the interior. monoclonal antibody KK20, that is located in the loop and comprises residues 77-99 . The explanation for the observation that gp120 association appears to be minimally, if at all, perturbed in the in vivo assays by mutations that decrease the stability of the trimer is probably due to a counter effect arising from gp120 binding itself that shifts the monomer-trimer equilibrium in favor of the trimeric form of e-gp41.
Previous mutagenesis studies of HIV-1 gp120 have suggested that residues 4-14 of the C1 subdomain are involved in binding e-gp41 (Helseth et al., 1991; IveyHoyle et al., 1991) . We note that this region is very hydrophobic in both HIV-1 and SIV gp120 (LWVTVYY-GVPV and QYVTVFYGVPA, respectively; Douglas et al., 1997) . Moreover, HIV-1 gp120 exhibits a five residue insertion (residues 34-38) within the C1 subdomain with respect to SIV gp120. Interestingly, this insertion may correlate with a four residue insertion (located between residues 99 and 100 of SIV e-gp41) in the loop region of HIV-1 e-gp41 relative to SIV e-gp41 (Figure 1) , lending further circumstantial support for the binding of the gp120 C1 region to the e-gp41 loop region.
Relationship of e-gp41 to influenza virus hemagglutinin gp41 (Freed and Martin, 1995) and influenza virus HA2 share a number of common features: both proteins are formed by proteolytic cleavage of a large precursor and mediate virus-target membrane fusion; in both proteins, the fusion peptide is located at the N-terminus and the transmembrane domain at the C-terminus of the ectodomain; and both proteins display a trimeric coiled-coil arrangement of the N-terminal helices.
There are, however, a number of important distinctions, both functional and structural, between HA2 and gp41 which suggest that in the case of e-gp41 there is no need to invoke the large spring-loaded (Skehel et al., 1982; Carr and Kim, 1993) conformational change that occurs upon the conversion of the nonfusogenic, neutral pH form of HA2 ( Figure 8 , middle panel; Wilson et al., 1981; Weis et al., 1990) to the fusogenic, low pH form of HA2 ( Figure 8 , right panel; Bullough et al., 1994) . First, from a purely functional viewpoint, gp41-and HA2-mediated fusion involve a different series of events. In particular, HA2 is internalized by endocytosis and mediates fusion of the viral and endosome membranes while gp41 mediates fusion of the viral and outer membranes; in addition, HA2-mediated fusion is triggered by low pH (Wiley and Skehel, 1987) while gp41-mediated fusion is pHindependent (Stein et al., 1987) . Secondly, the loop region that connects the first and second helices in the neutral form of HA2 does not contain any prolines, comprises a sequence with a high degree of helix propensity and, as demonstrated by X-ray crystallography, undergoes a transition to a helical coiled-coil at low pH (Bullough et al., 1994) . In contrast, the loop connecting the N-and C-terminal helices in SIV e-gp41 contains three prolines (two prolines in HIV-1 e-gp41) and exhibits no propensity to form a helical coiled-coil, as ascertained using the program MultiCoils (Wolf et al., 1997) . Thirdly, as is evident from Figure 8 , e-gp41 is topologically very different from either the neutral or low pH forms of HA2. In HA2, the N-terminal helix is always located on the outside of the molecule. In the neutral form the N-terminal helix is connected by a loop to a second helix which lies internal to it. In the low pH form, the loop is converted to a helix such that a single contiguous helix in a trimer coiled-coil arrangement lying on the outside of the molecule is formed. Thus, there is no topological impediment to the conformational transition from the neutral to the low pH form of HA2 even though this involves a movement of 100 Å in the position of the N-terminus. In contrast, the N-terminal helix of the three subunits of e-gp41 forms a trimeric coiled-coil within the interior of the protein, fully surrounded by the C-terminal helices on the exterior. A conformational transition of the type observed in HA2 would therefore require the trimeric coiled-coil formed by the N-terminal helix of e-gp41 to be everted, which seems unlikely. Such an event would presumably require prior dissolution of the trimeric coiled-coil as well as the complete dissociation of the intra-and intermolecular contacts between the N-and C-terminal helices. Consequently, the significant structural, topological and functional differences between HA2 and e-gp41 suggest that parallels between the structure and function of the two systems, although intriguing, may not necessarily exist.
Inhibition of gp41-mediated fusion by peptides
Peptides derived from both the N-terminal (N-peptide) and C-terminal (C-peptide) helices of gp41 have been shown to inhibit fusion in a dominant-negative manner (Wild et al., 1992 (Wild et al., , 1994 and it has been suggested that these data provide evidence for a large conformational change from the nonfusogenic to the fusogenic states (Furuta et al., 1998; Munoz-Barroso et al., 1998) . While the e-gp41 trimer is highly stable with a T m in excess of 100°C, analytical ultracentrifugation has shown that it exists as a mixture of monomer and trimer with a selfassociation constant of~1.5ϫ10 11 M -2 for the SIV e-gp41 construct employed here and~4.5ϫ10 11 M -2 for the equivalent HIV-1 e-gp41 construct . Thus, for gp41 trimer concentrations of 500, 50, 5 and 0.5 µM, the concentration of coexisting monomeric gp41 will be 15, 7, 3.2 and 1.5 µM, respectively, in the case of SIV e-gp41, and 10, 4.7, 2.2 and 1 µM, respectively, in the case of HIV-1 e-gp41. (Note that under the conditions employed in the present NMR study where the total concentration of SIV e-gp41 is~2.5 mM in monomer units, Ͻ1% of the total e-gp41 will be present in the monomeric form.)
A possible mechanism of fusion inhibition by the peptides may therefore simply involve the scenario outlined in the scheme shown in Figure 9A . gp41 exists in an equilibrium between monomer and trimer. In the presence of excess inhibitory peptide, the equilibrium is driven from homotrimeric gp41 to a heterotrimer of gp41 and N-or C-peptide. Since the peptides are only effective upon gp120 dissociation, it follows that the absence of fusogenic activity displayed by the gp41-peptide heterotrimers is due to the fact that the heterotrimers can no longer present a sufficient number of fusion peptides to the target membrane for effective fusion to take place. The data also suggest that the trimeric state is stabilized upon gp120 binding such that heterotrimers (which would be expected to bind less tightly to gp120 since they do not possess a trimeric loop structure) cannot be formed in the presence of bound gp120 (Furuta et al., 1998) . It has also been shown that the N-peptide is approximately three orders of magnitude less active than the C-peptide. This is Fig. 9 . Model for (A) the inhibitory effects of peptides derived from the N-and C-terminal helices and (B) gp41-mediated fusion. In (B) residues 1-26, which include the fusion peptide (residues 1-15) and which lie N-terminal to the e-gp41 construct employed in the present study (residues 27-149), are blue; the residues C-terminal to e-gp41 which comprise a 20 residue linker, followed by the transmembrane segment are red; the N-terminal region of SIV e-gp41 (residues 27-80) is cyan, and the C-terminal region (residues 81-149) yellow; the helices in gp41 are displayed as cylinders; gp120 is shown as a green sphere. not surprising, since the N-peptide itself forms oligomers, whereas the C-peptide is monomeric Lu et al., 1995) . Thus, in the case of the N-peptide, the effective concentration of monomeric N-peptide available to interact with monomeric gp41 to form heterotrimers will be much reduced. Moreover, C-peptide-mediated inhibition significantly decreases upon the addition of stoichiometric amounts of N-peptide , consistent with the notion that the presence of monomeric C-or N-peptide is essential for inhibition.
Model for gp41-mediated membrane fusion
The structure of SIV e-gp41 presented here combined with the mutational and peptide data suggest to us the following mechanism for gp41-mediated fusion ( Figure  9B ). The C-terminus of e-gp41 is tethered via a flexible 20 residue linker to the transmembrane segment which anchors gp41 to the viral membrane (the transmembrane domain of SIV gp41 starts at residue 168). As a result, the orientation of the ectodomain of gp41 with regard to the plane of the viral membrane is likely to be highly variable and dynamic. For fusion to take place, one would predict that the ectodomain should lie approximately parallel to the viral membrane, in order to permit the N-terminal fusion peptides to have access to the target membrane ( Figure 9B) . Because of the large size of gp120 relative to gp41, such an orientation is not accessible to the gp41-gp120 complex. The same steric hindrance mechanism would apply to the complex formed between gp41 and the neutralizing monoclonal antibody 2F5 (Muster et al., 1993) since the latter binds to the base of e-gp41 (Figure 4c ). Upon dissociation of gp120 from gp41 subsequent to the interaction of gp120 to the CD4 and chemokine receptors, the full range of orientations of e-gp41 with regard to the viral membrane becomes accessible, permitting the N-terminal fusion peptides to contact and insert transitorily into the target membrane as a result of random Brownian motion.
This model has several attractive features. First, it is relatively simple since it does not require a large, topologically complex, conformational change that has not been observed to date by any structural or physicochemical technique. Indeed, only a single conformation of e-gp41 has been observed by NMR (this paper; Caffrey et al., 1997) , circular dichroism , EPR (Rabenstein and Shin, 1996) , electron microscopy (Weissenhorn et al., 1996) and X-ray crystallography (Chan et al., 1997; Tan et al., 1997; Weissenhorn et al., 1997) . Secondly, the fusion reaction is relatively nonspecific, in agreement with the tolerance for mutations in the fusion peptide (Steffy et al., 1992) . Thirdly, the loop region, which is immunodominant, is exposed upon gp120 dissociation (Xu et al., 1991) . Finally, we note that this model is not dissimilar from that proposed for the SNARE proteins, which mediate cellular membrane fusion by forming a complex between discrete proteins located on different membranes in a manner analogous to the association between the N-and C-terminal helices of e-gp41 (Weber et al., 1998) .
Materials and methods
SIV e-gp41 (residues 27-149) with Cys86 and Cys92 mutated to alanine was expressed and purified as described previously (Caffrey et al., 1997) . Unlabeled (i.e. at natural isotopic abundance), and uniformly 15 N, 15 N/ 13 C-, 15 N/ 2 H-, 15 N/ 13 C/ 2 H-labeled samples were prepared by growing the bacteria in either H 2 O or 2 H 2 O (for 2 H labeling) in minimal medium using 15 NH 4 Cl and 13 C 6 -glucose as sole nitrogen and carbon sources, respectively. Labeling with 15 N and 13 C was Ͼ95%, and labeling with 2 H was Ͼ80%. In addition, stereospecific assignments of valine and leucine methyl groups were obtained using a 10% 13 C-labeled sample (Johnson et al., 1996) . Samples used to detect intermolecular NOEs comprised 1:1 mixtures of 13 C/ 15 N/ 1 H: 12 C/ 14 N/ 1 H-, 13 C/ 14 N/ 1 H: 12 C/ 15 N/ 2 H-and 13 C/ 15 N/ 2 H: 12 C/ 14 N/ 1 H-labeled SIV e-gp41. Samples for NMR contained~2.5 mM SIV e-gp41 (monomer concentration) in 50 mM deuterated sodium formate pH 3.0, and all spectra were recorded at 45°C on Bruker DMX500, DMX600 and DMX750 spectrometers. All spectra were processed using NmrPipe (Delaglio et al., 1995) and analyzed using the programs PIPP, CAPP and STAPP (Garrett et al., 1991) .
A description of the procedures and experiments used to obtain the 1 H, 15 N and 13 C assignments was provided in Caffrey et al. (1997) . Interproton distance restraints were derived from multidimensional NOE spectra Gronenborn, 1991, 1998) with mixing times ranging from 60 to 120 ms. Experiments included 3D 13 C-separated, 15 Nseparated, 13 C-separated/ 12 C-filtered, 13 C-separated/ 15 N-filtered and 15 Nseparated/ 13 C-filtered NOE spectra, a 3D 15 N-separated ROE spectrum, and 4D 13 C/ 15 N-separated, 15 N/ 15 N-separated and 13 C/ 13 C-separated NOE spectra. The NOEs used for distance restraints were classified as: strong (1.8-2.7 or 1.8-2.9 Å for NOE of NH), medium (1.8-3.3 or 1.8-3.5 Å for NOE of NH), weak (1.8-5.0 Å) or very weak (1.8-6.0 Å). For distances involving methyl protons, 0.5 Å was added to account for the higher apparent intensity of methyl protons. In the case of nonstereospecifically assigned protons and intersubunit NOEs, distances were represented by a Σ( r -6 ) -1/6 sum (Nilges, 1993) . Hydrogen bonding restraints (two per hydrogen bond where r NH-O ϭ 1.5-2.8 Å and r N-O ϭ 2.4-3.5 Å) were deduced from NH exchange experiments, backbone NOEs and backbone chemical shifts (Caffrey et al., 1997) . φ and ψ torsion angle restraints were derived from 3 J HNα (Bax et al., 1994 ) and 3 J CЈCЈ couplings (Hu and Bax, 1996) , the three-bond amide deuterium isotope effect on 13 C α chemical shifts (Ottiger and Bax, 1997 ) and a database analysis of backbone (N, HN, C α , C β , CЈ, H α ) chemical shifts using the program TALOS (Cornilescu et al., 1998) . χ 1 and χ 2 torsion angle restraints were derived from analysis of heteronuclear 3 J CC , 3 J NCγ and 3 J COCγ couplings (Bax et al., 1994; and ROE and short-mixing-time NOE experiments. Minimum error ranges employed for φ, ψ, χ 1 and χ 2 were Ϯ30, Ϯ45, Ϯ20 and Ϯ30°, respectively. Structures were calculated by simulated annealing in torsion angle space (Stein et al., 1997) starting from three extended strands, followed by conventional simulated annealing in cartesian coordinate space (Nilges et al., 1988) , using the program CNS (Brünger et al., 1998) , which was adapted to incorporate pseudopotentials for 3 J HNα and 3 J CЈCЈ coupling contants (Garret et al., 1994) , three-bond amide deuterium isotope effects on 13 C α shifts (Garrett et al., 1994) , secondary 13 C α and 13 C β chemical shifts (Kuszweski et al., 1995) , and a conformational database (Kuszewski et al., 1996 (Kuszewski et al., , 1997 . A pseudopotential term for noncrystallographic symmetry was employed in all calculations. Figures were generated using the programs MOLMOL (Koradi et al., 1996) and GRASP (Nicholls et al., 1991) . Electrostatic calculations were performed with GRASP (Nicholls et al., 1991) . Calculation, ranking and mapping of surface hydrophobic clusters was carried out as previously described Young et al., 1994) . The coordinates for the final 40 simulated annealing structures, together with the coordinates for the corresponding restrained regularized mean structure and a complete list of experimental NMR restraints have been deposited in the Brookhaven Protein Data Bank (Accession codes 2EZO, 2EZP, 2EZOMR).
